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Abstract 
The transcription factors FLOWERING LOCUS C (FLC) and SHORT VEGETATIVE PHASE (SVP) can interact to 
form homologous and heterologous protein complexes that regulate flowering time in Brassica juncea Coss. (Mustard). 
Previous studies showed that protein interactions were mediated by the K domain, which contains the subdomains K1, K2 
and K3. However, it remains unknown how the subdomains mediate the interactions between FLC and SVP. In the 
present study, we constructed several mutants of subdomains K1–K3 and investigated the mechanisms involved in the 
heterologous interaction of BjFLC/BjSVP and in the homologous interaction of BjFLC/BjFLC or BjSVP/BjSVP. Yeast 
two-hybrid and β-galactosidase activity assays showed that the 19 amino acids of the K1 subdomain in BjSVP and the 17 
amino acids of the K1 subdomain in BjFLC were functional subdomains that interact with each other to mediate 
hetero-dimerization. The heterologous interaction was enhanced by the K2 subdomain of BjSVP protein, but weakened 
by its interhelical domain L2. The heterologous interaction was also enhanced by the K2 subdomain of BjFLC protein, 
but weakened by its K3 subdomain. The homologous interaction of BjSVP was mediated by the full K-domain. However, 
the homologous interaction of BjFLC was regulated only by its K1 and weakened by its K2 and K3 subdomains. The 
results provided new insights into the interactions between FLC and SVP, which will be valuable for further studies on 
the molecular regulation mechanisms of the regulation of flowering time in B. juncea and other Brassicaceae.  
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1. Introduction 
Brassica juncea Coss. (mustard) is economically important 
as a vegetable crop in China, an oil crop in India and a 
condiment crop in Europe. It was selected for canola quality  
recently in Canada and Australia (Yang et al., 2014). The  
 
 
species possesses unique traits, including very wide  
morphological variation in leaves, roots, stems, seed stalks and 
oil types (Qi et al., 2007). The production and quality of B. 
juncea are affected greatly by flowering time, which is regulated  
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by complex genetic networks that monitor various 
environmental and endogenous signals (Boss et al., 2004; Yang 
et al., 2014). Genetic analyses of flowering control have 
identified four major floral promotion pathways: The 
photoperiod and vernalization pathways mediate the response to 
environmenta signals; whereas the autonomous and gibberellin 
(GA) pathways appear to act independently of these signals. 
These pathways eventually converge with the flowering 
integrators to regulate flowering time (Boss et al., 2004; He and 
Amassino, 2005; Moon et al., 2005).  
The FLOWERING LOCUS C (FLC) and SHORT 
VEGETATIVE PHASE (SVP) are two important core 
transcription factors that determine the fate of the flowering 
integrators (Sheldon et al., 2002; Lee et al., 2007). They form 
protein complexes that selectively bind to the CArG motif of the 
integrator promoter region [e.g. to regulate transcription and 
expression of SOC1 and FLOWERING LOCUS T (FT) genes], 
and delay flowering time (Mathieu et al., 2007; Li et al., 2008; 
Yant et al., 2009). FLC and SVP are mainly expressed in active 
regions, such as the stem apex and the root apical meristem 
(Wigge et al., 2005). The FLC gene plays a key role in 
flowering-time control by responding to signals from FRIGIDA 
(FRI) in the autonomous and vernalization pathways (Michaels 
and Amasino, 2001; Sheldon et al., 2006), while the SVP gene is 
regulated by autonomous, vernalization and GA pathways 
(Hartmann et al., 2000; Li et al., 2008). The loss of SVP 
function significantly inhibits the late-flowering phenotype of 
FRI in plants with high levels of FLC expression. However, the 
loss of FLC function represses the late-flowering phenotype of 
35S::SVP. Therefore, the functions of FLC and SVP are 
interdependent (Michaels and Amasino, 2001). Arabidopsis 
thaliana FLC can interact with SVP in vivo and in vitro 
(Fujiwara et al., 2008; Li et al., 2008; Jung and Müller, 2009; 
Gregis et al., 2013) to form the heterologous protein complex 
FLC/SVP, which co-mediates environmental signals (Li et al., 
2008). The Arabidopsis FLC protein can also form the 
homodimer FLC/FLC in plants (Helliwell et al., 2006). He et 
al.(2014) showed recently that AGAMOUS-LIKE16 is a 
potential partner of flowering repressor complexes targeting FT. 
AGAMOUS-LIKE16 can interact directly with SVP and 
indirectly with FLC, two proteins that form a complex to repress 
the expression of FT. 
In B. juncea, Yang et al. (2014) identified four 
FLOWERING LOCI C (FLC1–FLC3 and FLC5) genes. 
Similarly, in a previous study, we cloned five FLC genes (the 
three respective homologs for B. napus FLC1, FLC2 and FLC5, 
and the other two homologs of B. napus FLC3) and one SVP 
gene in B. juncea. Amino acid sequence analysis showed that 
the five B. juncea FLCs encoded a total of four FLC proteins: 
FLC1–FLC3 and FLC5. However, transgenic assays showed 
that B. juncea FLC2 and B. juncea SVP (NCBI accession 
numbers KJ489426 and KJ489427) have predominant functions 
in regulating flowering in B. juncea. Similar to B. juncea FLC2, 
a genetic–genomics approach revealed that BrFLC2 is a major 
regulator of flowering time in B. rapa (Xiao et al., 2013; Li et 
al., 2015). Hence, B. juncea FLC2 and B. juncea SVP 
(respectively named BjFLC and BjSVP in the present study) 
were used for further experiments on protein interactions. 
BjFLC and BjSVP also interact to form a stable 
heterologous protein complex BjFLC/BjSVP (Tang et al., 2011), 
as well as homologous complexes BjFLC/BjFLC and 
BjSVP/BjSVP (Tang et al., 2012, 2013). BjFLC and BjSVP 
belong to MIKC-type proteins, which have MADS-box (M), 
intervening (I), keratin-like (K) and C-terminal (C) domains. 
The M and K domains in MIKC-type proteins are highly 
conserved compared with the I and C domains (Hartmann et al., 
2000; Martinez-Castilla and Alvarez-Buylla, 2003; Kaufmann et 
al., 2005; Lee et al., 2007; Alexandre and Hennig, 2008). 
Tang et al. (2012, 2013) indicated that the K domain is the 
key domain mediating the protein interactions of BjFLC/BjSVP, 
BjFLC/BjFLC and BjSVP/BjSVP. Based on the K-domain 
sequence alignments and α-helix predictions of MIKC-type 
proteins from Arabidopsis and other plant species, the K 
domains of both FLC and SVP proteins were found to contain 
three subdomains, K1–K3, each forming a single α-helix (Fan et 
al., 1997; Yang et al., 2003). Yang et al. (2003) also divided the 
K domain of APETALA3 and PISTILLATA into K1–K3 
subdomains and found that each subdomain made different 
contributions to the interaction of APETALA3/PISTILLATA in 
Arabidopsis. However, it is unclear how the subdomains 
mediate the homologous and heterologous protein interactions 
of FLC and SVP. It also remains unknown whether the 
interactions of K1–K3 in FLC/SVP are similar to those of 
APETALA3/PISTILLATA. 
Hence, we constructed several mutants of the K 
subdomains in BjFLC and BjSVP, screened subdomains that 
mediated the homologous and heterologous interactions, and 
analyzed the molecular mechanisms involved in target 
sequence-specific recognition. The findings have significant 
implications for the regulation of FLC–SVP polymerization as 
well as flowering signal integration. 
2. Materials and methods 
2.1. Material 
Mustard and yeast recombinant plasmids pGADT7BjFLC, 
pGADT7BjSVP, pGBKT7BjFLC, and pGBKT7BjSVP were 
provided by the Key Laboratory of Horticulture Science for 
Southern Mountainous Regions, Chongqing, China. The 
MatchmakerTM Gold Yeast two-hybrid system and amino 
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acid-deficient media of SD/–Leu, SD/–Trp, SD/–Leu/–Trp and 
SD/–Ade/–His/–Leu/–Trp were purchased from Clontech 
Laboratories Inc., California, USA. EcoRⅠ and BamHⅠ were 
purchased from TaKaRa Biotechnology (Dalian) Co. Ltd., 
Dalian, China. DNA purification and plasmid extraction kits 
were purchased from Omega Engineering Inc., Stamford, 
California, USA. High-fidelity DNA polymerase was purchased 
from TransGen Biotech Co. Ltd., Beijing, China.  
2.2. Preparation of mutants of K subdomains 
The mutants were produced by polymerase chain reaction 
(PCR) and subsequently confirmed by sequencing. Mustard  
BjSVP and its mutant primers (11), and BjFLC and its mutant 
primers (9), were designed based on sequence features and 
structure predictions in an MIKC-type protein (Table 1). With  
pGADT7BjSVP as the template, the mutants BjSVP▲1–BjSVP▲8 
were subcloned using Platinum® Pfx DNA Polymerase and 
BjSVP primers (Table 2; Fig. 1, A). With mustard 
pGBKT7BjFLC as the template, the mutants BjFLC▲1–BjFLC▲6 
were subcloned using BjFLC primers (Table 2; Fig. 1, B). The 
pEASY Blunt Simple vector was used to harbor the PCR 
products of the subdomains. The positive clones were selected 
and sent for sequencing by Shanghai Invitrogen Biotechnology 
Co., Shanghai, China. 
2.3. Construction of yeast bait and yeast prey plasmids 
The target plasmid of mustard BjSVP▲1–BjSVP▲8 and 
yeast protein expression plasmid pGADT7 were extracted using 
a plasmid extraction kit. After EcoRⅠ/BamHⅠ double 
digestion, BjSVP▲1–BjSVP▲8 was fused into pGADT7 to 
construct yeast prey plasmids pGADT7BjSVP▲1– 
pGADT7BjSVP▲8.  
 
Table 1  Primers used for amplification of the mutants of BjSVP and BjFLC 
Name Primer used for PCR Number of amino acid Protein domain 
BjSVP S(E) / S(B) 241 MIKC 
BjSVP▲1 S(E)-4 / S(B)-1 33 I 
BjSVP▲2 S(E)-3 / S(B)-2 78 K 
BjSVP▲3 S(E)-4 / S(B)-2 111 IK 
BjSVP▲4 S(E)-4 / S(B)-3 86 IK1L1K2L2 
BjSVP▲5 S(E)-4 / S(B)-4 80 IK1L1K2 
BjSVP▲6 S(E)-4 / S(B)-5 64 IK1L1 
BjSVP▲7 S(E)-4 / S(B)-6 52 IK1 
BjSVP▲8 S(E)-5 / S(B)-2 59 L1K2L2K3 
BjFLC F(E) / F(B) 197 MIKC 
BjFLC▲1 F(E)-4 / F(B)-1 57 I 
BjFLC▲2 F(E)-3 / F(B)-2 54 K 
BjFLC▲3 F(E)-4 / F(B)-2 115 IK 
BjFLC▲4 F(E)-4 / F(B)-3 108 IK1K2 
BjFLC▲5 F(E)-4 / F(B)-4 78 IK1 
BjFLC▲6 F(E)-5 / F(B)-2 37 K2K3 
Note: Restriction enzyme sites used for cloning are underlined. S(E), S(E)-3, S(E)-4, S(E)-5, F(E), F(E)-3, F(E)-4 and F(E)-5, respectively, represent different 
names of the forward primers with sites for the restriction enzyme EcoRⅠ. S(B), S(B)-1, S(B)-2, S(B)-3, S(B)-4, S(B)-5, S(B)-6, F(B), F(B)-1, F(B)-2, F(B)-3 
and F(B)-4, respectively, represent different names of reverse primers with sites for the restriction enzyme BamHⅠ. 
 
Table 2  Protein domains and primer pairs used for PCR amplification of BjSVP▲1–BjSVP▲8 and BjFLC▲1–BjSVP▲6 
Primer name Primer sequence (5′–3′)  
S(E) CCGGAATTCTTCGTTGTGATGGCGAGAGAAAAGA 
S(B) CGCGGATCCATCTCTAACCACCATACGGTAAGCC 
S(E)-3 CCGGAATTCGATCACGCCCTGTTGAGCAAAGAGA 
S(E)-4 CCGGAATTCTCCAGCATGAGGGAAGTGTTAGAGA 
S(E)-5 CCGGAATTCAGAGGAGAGGAACTTCAAGGACTTA 
S(B)-1 CGCGGATCCTGTTCTCGACTAGCTGTAACTCAAG 
S(B)-2 CGCGGATCCTTGCTGCCTTAGCCGCTTGTTCTCA 
S(B)-3 CGCGGATCCCTTTTCACTCTTTGTTTCAATTACG 
S(B)-4 CGCGGATCCATTACGCGAGTCAAACCGGATTCAA 
S(B)-5 CGCGGATCCCAATGTTAAGTCCTTGAAGTTCCTC 
S(B)-6 CGCGGATCCATTTGCCTTAATCGGTGGCTCTTTT 
F(E) CCGGAATTCACAGAAGCCATGGGAAGAAAAAAAC 
F(B) CGCGGATCCGTGGCTAATTAAGCAGTGGGAGAGT 
F(E)-3 CCGGAATTCGAATCAAATTTAGATGTAAGCGTCG 
F(E)-4 CCGGAATTCTCCGGCAAGCTTTACAACTTCTCCT 
F(E)-5 CCGGAATTCGTAACTAGAGCTAGGAAGACAGAAC 
F(B)-1 CGCGGATCCTTTGATTCCACAAGCTTACTTTCCA 
F(B)-2 CGCGGATCCCTTCTCCATCTGGCTAGTCAAACCC 
F(B)-3 CGCGGATCCACCCTGGTTCTCTTCTTTCAGCAAT 
F(B)-4 CGCGGATCCGGAGAGGGAAGTCTCAAGGTGGTCC 
Note: BjSVP▲1–BjSVP▲8, respectively, represent different truncated forms of BjSVP. BjFLC▲1–BjSVP▲6, respectively, represent different truncated forms of BjFLC.
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Fig. 1  Schematic structures of the domains of BjSVP, BjFLC and their truncated forms 
A. BjSVP and its truncated forms. K1–K3. K subdomains; L1. Interhelical domain between K1 and K2; L2. Interhelical domain between K2 and K3; 
BjSVP▲1 –BjSVP▲8. Mutants of BjSVP that retained I, K, IK, IK1L1K2L2, IK1L1K2, IK1L1, IK1 and L1K2L2K3, respectively. B. BjFLC and its truncated 
forms. K1–K3. K subdomains; BjFLC▲1–BjFLC▲6. Mutants of BjFLC that retained I, K, IK, IK1K2, IK1 and K2K3, respectively. 
 
The mustard BjFLC▲1–BjFLC▲6 was double-digested by 
EcoR /Ⅰ BamH  and then fused into pGBKT7 to constⅠ ruct 
yeast bait plasmids pGBKT7BjFLC▲1–pGBKT7BjFLC▲6. The 
positive plasmids were selected for sequencing. 
2.4. Toxicity and autoactivation test for yeast bait and 
yeast prey plasmids 
For recombinant plasmids pGADT7BjSVP▲1 – pGADT7- 
BjSVP▲8 or pGBKT7BjFLC▲1–pGBKT7BjFLC▲6 , 100 ng 
was transformed into 50 μL of Y187 and Y2HGold competent 
cells, respectively, using the PEG/LiAc method (Tang et al., 
2012) to obtain Y187 (pGADT7BjSVP▲1)–Y187 (pGADT7- 
BjSVP▲8) and Y2HGold (pGBKT7BjFLC▲1)– Y2HGold 
(pGBKT7BjFLC▲6). The above-mentioned transformation cells 
were coated on SD/–Leu and SD/–Trp plates, respectively. The 
plasmid toxicity was assessed by colony growth. During the test, 
the empty vectors Y187 (pGADT7) and Y2HGold (pGBKT7) 
were subjected to the same procedure and used as controls. 
Meanwhile, the Y187(pGADT7BjSVP▲1)–Y187 (pGADT7- 
BjSVP▲8) were successively incubated at 30 ℃ for 3–5 d on 
SD/–Leu, SD/–Leu/X-α-Gal, SD/–Leu/–Trp (DDO) and 
SD/–Leu/X-α-Gal/AbA plates, while Y2HGold (pGBKT7 
BjFLC▲1)–Y2HGold (pGBKT7BjFLC▲6) were respectively 
incubated on SD/–Trp, SD/–Trp/X-α-Gal, DDO and SD/–Trp/X- 
α-Gal/AbA plates. The growth of the above-mentioned 
transformation cells was observed. The Y2HGold (pGBKT7-Lam) 
× Y187 (pGADT7-T) and Y2HGold (pGBKT7-53) × Y187 
(pGADT7-T) served as negative and positive controls, 
respectively, for the autoactivation test.  
2.5. Yeast two-hybrid system screening of subdomain 
interactions  
Colonies grown on SD/–Trp and SD/–Leu plates were 
selected. The Y187 (pGADT7BjSVP) and Y187 (pGADT7- 
BjSVP▲1)–Y187 (pGADT7BjSVP▲8) were fused with  
 
 
transformed colonies of Y2HGold (pGBKT7BjFLC) separately, 
coated onto DDO and SD/–Trp/–Leu/AbA (DDO/AbA) plates, 
and incubated at 30 ℃ for 3–5 d. Cloned strains on DDO/AbA 
plates were isolated using the streak plate technique and coated 
onto SD/–Trp/– Leu/–Ade/–His (QDO) and SD/–Trp/–Leu/–Ade/– 
His/x-α-Gal/AbA (QDO/X-α-Gal/AbA) plates (Zhao et al., 2014). 
Both positive and negative controls were established. The growth of 
colonies was observed to screen for the K subdomain of the BjSVP 
protein. 
The screened K subdomain of the BjSVP protein was fused 
with Y2HGold(pGBKT7BjFLC▲1)–Y2HGold(pGBKT7- 
BjFLC▲6) containing different structural domains, and 
successively coated on DDO, DDO/AbA, QDO and QDO/X-α- 
Gal/AbA plates to screen the corresponding subdomains of 
BjFLC. In addition, Y2HGold(pGBKT7-BjFLC▲1)–Y2HGold 
(pGBKT7BjFLC▲6) and Y187 (pGADT7-BjSVP▲1)–Y187 
(pGADT7BjSVP▲8) were fused with Y187(pGADT7-BjFLC) 
and Y2HGold (pGBKT7BjSVP), respectively, to screen protein 
subdomains involved in the homologous interactions. 
2.6. Determination of β-galactosidase activity 
The β-galactosidase activity was determined using a Yeast 
β-galactosidase Assay Kit (Thermo Electron Corporation, 
Massachusetts, USA). We determined the absorbance at 420 nm 
(A420) and optical density at 660 nm (OD660) of the yeast strains 
using a Bio-rad680 microplate reader, according to the 
manufacturer’s instructions. Each sample was measured three 
times and the β-galactosidase activity was calculated as follows: 
β-galactosidase activity = (1 000 × A420) / (t × V × OD660), 
where, t is the reaction time (min), V is bacterial suspension 
volume (mL) and β-galactosidase activity is expressed in Miller 
units. Variance analysis with multiple comparisons of Duncan’s 
test was performed to test the difference in protein interaction 
strength using SPSS statistical software. 
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3. Results 
3.1. K subdomains of BjSVP protein mediating 
heterologous interaction with BjFLC 
The BjSVP protein has four domains: the MADS-box, and 
the I, K and C domains. The K domain of BjSVP contains three 
subdomains (K1–K3) and two interhelical domains (L1 and L2). 
Based on the sequence features and predictions of BjSVP, each 
subdomain formed an independent α-helix. The three α-helices 
were connected by L1 and L2 regions. Truncation mutants 
BjSVP▲1–BjSVP▲7, containing different domains and 
subdomains of I, K, IK, IK1L1K2L2, IK1L1K2, IK1L1 and IK1, 
were correspondingly constructed with 33, 78, 111, 86, 80, 64 
and 52 amino acids (Fig. 1, A). The BjSVP▲1–BjSVP▲7 were 
fused with pGADT7 vector (named pGADT7BjSVP▲1– 
pGADT7BjSVP▲7) and then transformed into yeast Y187 for 
respective hybridization with pGBKT7BjFLC. The above 
mentioned combinations of yeast two-hybrids were termed 
S1–S7, respectively (Table 3). 
Negative and positive controls were incubated on agar 
plates to validate the reliability of the system. The results 
showed that positive controls (P in Table 3) grew on DDO, 
DDO/AbA, QDO and QDO/X-α-Gal/AbA plates, while negative 
controls (N, C1–C7 and F, in Table 3) failed to grow on 
DDO/AbA, QDO, and QDO/X-α-Gal/AbA plates. This indicated 
that the yeast two-hybrid system was rigorous and reliable. 
pGADT7BjSVP▲2–pGADT7BjSVP▲7 and pGADT7–BjSVP 
were respectively fused with pGBKT7BjFLC and coated on 
DDO plates for incubation. After 3–5 d, white colonies appeared 
on the plate, indicating that diploid yeast had formed. When the 
fused strain on DDO plates was successively transferred to 
DDO/AbA and QDO plates for incubation, white colonies were 
still found (Table 3). The fused strain was incubated on 
QDO/X-α-Gal/AbA plates and blue colonies were found, 
indicating that BjSVP or BjSVP▲2–BjSVP▲7 could interact with 
BjFLC (S and S2–S7 in Fig. 2, A). After fusion with BjFLC, the 
BjSVP▲1 (containing only the I domain) failed to grow blue  
Table 3  Analysis of the interactions between BjSVP▲1–BjSVP▲7 and BjFLC▲1–BjFLC▲5 in yeast 
Prey plasmid Bait plasmid Selective agar plate Combination  
of yeast  
two-hybrid Name Domain Name Domain DDO DDO/AbA QDO QDO/X-α-Gal/AbA
S1 pGBKT7BjFLC MIKC pGADT7BjSVP▲1 I + – – – 
S2 pGBKT7BjFLC MIKC pGADT7BjSVP▲2 K + + + ++ 
S pGBKT7BjFLC MIKC pGADT7BjSVP MIKC + + + ++ 
S3 pGBKT7BjFLC MIKC pGADT7BjSVP▲3 IK + + + ++ 
S4 pGBKT7BjFLC MIKC pGADT7BjSVP▲4 IK1L1K2L2 + + + ++ 
S5 pGBKT7BjFLC MIKC pGADT7BjSVP▲5 IK1L1K2 + + + ++ 
S6 pGBKT7BjFLC MIKC pGADT7BjSVP▲6 IK1L1 + + + ++ 
S7 pGBKT7BjFLC MIKC pGADT7BjSVP▲7 IK1 + + + ++ 
M7 pGBKT7BjSVP▲7 IK1 pGADT7BjFLC MIKC + + + ++ 
C pGBKT7 / pGADT7BjSVP MIKC + – – – 
C1 pGBKT7 / pGADT7BjSVP▲1 I + – – – 
C2 pGBKT7 / pGADT7BjSVP▲2 K + – – – 
C3 pGBKT7 / pGADT7BjSVP▲3 IK + – – – 
C4 pGBKT7 / pGADT7BjSVP▲4 IK1L1K2L2 + – – – 
C5 pGBKT7 / pGADT7BjSVP▲5 IK1L1K2 + – – – 
C6 pGBKT7 / pGADT7BjSVP▲6 IK1L1 + – – – 
C7 pGBKT7 / pGADT7BjSVP▲7 IK1 + – – – 
C8 pGBKT7 / pGADT7BjFLC MIKC + – – – 
C9 pGBKT7BjSVP▲7 IK1 pGADT7 / + – – – 
F pGBKT7BjFLC MIKC pGADT7 / + – – – 
F1 pGBKT7BjFLC▲1 I pGADT7BjSVP▲7 IK1 + – – – 
F2 pGBKT7BjFLC▲2 K pGADT7BjSVP▲7 IK1 + + + ++ 
F3 pGBKT7BjFLC▲3 IK pGADT7BjSVP▲7 IK1 + + + ++ 
F4 pGBKT7BjFLC▲4 IK1K2 pGADT7BjSVP▲7 IK1 + + + ++ 
F5 pGBKT7BjFLC▲5 IK1 pGADT7BjSVP▲7 IK1 + + + ++ 
G5 pGBKT7BjSVP▲7 IK1 pGADT7BjFLC▲5 IK1 + + + ++ 
K1 pGBKT7BjFLC▲1 I pGADT7 / + – – – 
K2 pGBKT7BjFLC▲2 K pGADT7 / + – – – 
K3 pGBKT7BjFLC▲3 IK pGADT7 / + – – – 
K4 pGBKT7BjFLC▲4 IK1K2 pGADT7 / + – – – 
K5 pGBKT7BjFLC▲5 IK1 pGADT7 / + – – – 
K6 pGBKT7 / pGADT7BjFLC▲5 IK1 + – – – 
P pGBKT7-53 / pGADT7-T / + + + ++ 
N pGBKT7-Lam / pGADT7-T / + – – – 
Note: ++, + and – represent blue yeast, white yeast and no strains, respectively. 
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Fig. 2  Yeast two-hybrid combinations of BjSVP▲1–BjSVP▲7 and BjFLC on QDO/X-α-Gal/AbA plates 
A, Interactions of BjFLC and BjSVP▲1–BjSVP▲7. Combinations of pGBKT7BjFLC and pGADT7BjSVP▲1–pGADT7BjSVP▲7 were termed S1–S7, 
respectively. The positive (pGBKT7-53 × Y187 pGADT-T) and negative controls (pGBKT7-Lam × pGADT-T) were termed P and N, respectively. 
pGADT7BjSVP▲1–pGADT7BjSVP▲7 and pGADT7BjSVP were fused with empty vector pGBKT7 as negative controls C1–C7 and C, respectively. B, 
Confirmation of the interaction between BjFLC and BjSVP▲7 after the yeast carrier exchange. pGBKT7BjSVP▲7 was fused with pGADT7BjFLC and then 
termed M7. pGADT7BjFLC was fused with empty vector pGBKT7 as negative control C8. pGBKT7BjSVP▲7 was fused with empty vector pGADT7 as 
negative control C9. 
colonies on QDO/X-α-Gal/AbA plates, indicating no interaction 
between BjFLC and BjSVP▲1. However, BjSVP▲2 (containing 
only the K domain) interacted with BjFLC, suggesting that the 
K domain of BjSVP protein mediated the protein interaction. 
Furthermore, BjSVP▲7 (containing only the IK1 domain) also 
interacted with BjFLC, implying that the K1 subdomain in 
BjSVP was sufficient to mediate the interaction with BjFLC, 
and that K2, K3, L1 and L2 were not essential to mediate the 
interaction. 
After the yeast carrier exchange, the combination of 
pGADT7BjFLC and pGBKT7BjSVP▲7 still formed blue 
colonies on QDO/X-α-Gal/AbA plates (M7 was the hybridized 
combination after the S7 carriers were exchanged, Fig. 2, B). 
The results indicated that the K1 subdomain of BjSVP▲7 
interacted with BjFLC (M7 and S7 in Fig. 2, B). 
To verify the requirement for K1, we performed further 
research to delete the K1 subdomain of BjSVP (named 
BjSVP▲8) (Fig. 1, A) and then fused it with BjFLC in a yeast 
two-hybrid system. The results indicated that the BjSVP▲8 
(BjSVP K1 deletion mutant) could not interact with BjFLC (S8 
in Fig. 3), suggesting that the 19 amino acids (DHALLSKEIAE 
KSHRLRQM) of the K1 subdomain in BjSVP (Table 4) were 
indispensable for the heterologous interaction. 
3.2. K subdomains of BjFLC protein mediating 
heterologous interaction with BjSVP 
The BjFLC protein also has four domains: the MADS-box, 
and the I, K and C domains. The K domain contains three 
subdomains (K1–K3), but no obvious interhelical domain. Each 
subdomain was an independent α-helix. Truncation mutants of 
BjFLC▲1–BjFLC▲5, respectively, containing different domains 
and subdomains of I, K, IK, IK1K2 and IK1, were also 
correspondingly constructed with 57, 54, 115, 108 and 78 amino 
acids (Fig. 1, B). 
The BjFLC▲1–BjFLC▲5 were fused with vector pGBKT7 
and named pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 for yeast 
two-hybrid assays. pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 were 
fused with pGADT7BjSVP▲7 and the fused strains were termed 
F1–F5, respectively. pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 was 
fused with empty vector pGADT7 to serve as the corresponding 
negative controls K1–K5 (Table 1). The F2–F5 grew on 
DDO/AbA, QDO and QDO/X-α-Gal/AbA plates (Table 3), and  
 
Table 4  Amino acid sequences of K domains in the BjSVP and BjFLC proteins 
Subdomain or interhelical  
domain of K domain BjSVP BjFLC 
K1 DHALLSKEIAEKSHRLRQM SVESLVQLEDHLETSLS 
L1 RGEELQGLNIEE / 
K2 LQQLEKALESGLTRVI VTRARKTELMLKLVDSLKEKEKLLKEENQGLT 
L2 ETKSEK / 
K3 IMNEISYLQRKGMQLMDENKRLRQQ SQMEKC① 
Note: ①The K3 subdomain extends into the C domain of BjFLC and forms a single α-helix. 
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the colonies were blue on QDO/X-α-Gal/AbA (Fig. 4, A). F1 
failed to grow on DDO/AbA, QDO and QDO/X-α-Gal/AbA 
plates (Table 3, Fig. 4, A). The positive control (P) grew on the 
three deficient media, and the colonies were blue on medium 
containing X-α-Gal. None of the negative controls (N, K1–K5 
and C7, in Fig. 4) grew on the three media (Table 3). 
Fig. 3  Analysis of the interaction without the K1 subdomain of BjSVP 
or BjFLC on QDO/X-α-Gal/AbA plates 
The pGBKT7BjFLC, pGBKT7BjSVP and pGBKT7BjFLC▲6 were fused 
separately with pGADT7BjSVP▲8, and the corresponding fused strains were 
termed S8, SS8 and M8. pGADT7BjSVP and pGADT7BjFLC were fused 
with pGBKT7BjFLC▲6 and then termed F6 and FF6, respectively. The 
pGADT7BjFLC▲6 was fused with pGBKT7BjSVP▲8 and then termed RM8. 
The positive (pGBKT7-53 × pGADT-T) and negative controls 
(pGBKT7-Lam × pGADT-T) were termed P and N, respectively. 
pGADT7BjSVP▲8 and pGADT7BjFLC▲6 were respectively fused with 
empty vector pGADT7 to form the negative controls N1 and N2. The 
pGBKT7BjSVP▲8 and pGBKT7BjFLC▲6 were respectively fused with 
pGBKT7 as negative controls N3 and N4. 
 
Mutant BjFLC▲2 (containing the K domain) interacted 
with BjSVP▲7 in the yeast two-hybrid system. The results 
indicated that the K domain of the BjFLC protein was the 
interacting domain (F2 in Fig. 4, A,). The BjFLC▲1 (containing 
only the I domain) failed to interact with BjSVP▲7, suggesting 
that the I domain was not the interacting domain (F1 in Fig. 4, 
A). BjFLC▲3 (containing only the IK domain), BjFLC▲4 
(containing only the IK1K2 domain) and BjFLC▲5 (containing 
only the IK1 domain) interacted with BjSVP▲7 (F3–F5 in Fig. 4, 
A), suggesting that BjSVP▲7 interacted with the K1 subdomain 
of the K domain in BjFLC (Fig. 4, A). 
After the yeast vector carrier was exchanged, the 
combination of pGADT7BjFLC▲5 and pGBKT7BjSVP▲7 still 
formed blue colonies on QDO/X-α-Gal/AbA plates (C5 was the 
hybrid formed after exchange of the F5 carriers, in Fig. 4, B). 
The results inferred that BjFLC▲5 (IK1) interacted with 
BjSVP▲7 and that the K1 subdomain of BjFLC was also 
sufficient to mediate the interaction with BjSVP (F5 and C5 in 
Fig. 4, B). 
Additionally, we deleted the K1 subdomain of BjFLC and 
then constructed the mutant BjFLC▲6 (Fig. 1, B). Yeast 
two-hybrid assays showed that BjSVP could not interact with 
BjFLC▲6 (F6 in Fig. 3). Moreover, the mutant BjSVP▲8 that 
lacked the K1 subdomain could not interact with BjFLC▲6 (M8 
and RM8 in Fig. 3). Therefore, the 17 amino acids 
(SVESLVQLEDHLETSLS) of the K1 subdomain in BjFLC was 
also the key domain for the protein interactions (Table 4). Based 
on the above results, we proposed that heterologous interactions 
of BjFLC/BjSVP depend on the K1 subdomain. 
3.3. Self-interacting domains in BjSVP protein 
The positive control (P in Fig. 5, A) grew on QDO/X-α-Gal/ 
AbA-deficient media, and the colonies were blue on medium 
Fig. 4  Yeast two-hybrid combinations of BjSVP▲7 and BjFLC▲1–BjFLC▲5 on QDO/X-α-Gal/AbA plates 
A. Interactions of BjSVP▲7 and BjFLC▲1–BjFLC▲5. Combinations of pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 and pGADT7BjSVP▲7 were termed F1–F5, 
respectively. The pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 fused with empty vector pGADT7 were termed negative controls K1–K5, respectively. 
B. Confirmation of interaction between BjSVP▲7 and BjFLC▲5 after yeast carrier exchange. The combination of pGBKT7BjSVP▲7 and pGADT7BjFLC▲5 was 
termed C5. The pGADT7BjFLC▲5 fused with empty vector pGBKT7 formed the negative control K6.
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containing X-α-Gal. None of the negative controls (N, C1–C7 
and C10–C12, in Fig. 5, A) grew on the medium. The 
combination of pGADT7BjSVP▲1 (containing the I domain) 
and pGBKT7BjSVP failed to grow on the QDO/X-α-Gal/AbA 
medium, while pGADT7BjSVP▲2 (containing the K domain) or 
pGADT7BjSVP▲3 (containing the IK domain) after being fused 
with pGBKT7BjSVP formed blue colonies (SS1–SS3, in Fig. 5, 
A). The above results indicated that the self-interacting domain 
in BjSVP was the K, rather than the I, domain (Fig. 5, A). After 
the carrier was exchanged, the combination of 
pGBKT7BjSVP▲3 and pGADT7BjSVP still formed blue 
colonies (RS3 in Fig. 5, B), suggesting that the K-domain 
mediated the homologous polymerization of BjSVP. 
After the pGADT7BjSVP▲4–pGADT7BjSVP▲7 were fused 
with pGBKT7BjSVP, they were cultured on QDO/X-α-Gal/AbA 
medium to allow screening for self-interacting domains (SS4–SS7, 
in Fig. 5). However, the fused strains of BjSVP▲4 (IK1L1K2L2) 
and BjSVP failed to grow on QDO/X-α-Gal/AbA medium (Fig. 5, 
A), indicating that the K3 subdomain at least was indispensable to 
mediate the self-interaction of BjSVP. The results also showed 
that BjSVP▲7 (IK1), BjSVP▲6 (IK1L1), BjSVP▲5 (IK1L1K2) or 
BjSVP▲4 (IK1L1K2L2) did not interact with BjSVP protein, 
indicating that L1, K2 or L2 domains alone were insufficient to 
mediate protein self-interaction. 
Interestingly, further research showed that BjSVP▲8 (BjSVP 
K1 deletion mutant) could not interact with BjSVP (SS8 in Fig. 3), 
suggesting that the K1 subdomain in BjSVP was an indispensable 
subdomain for homologous protein interactions. Based on the 
abovementioned results, self-interaction of the BjSVP protein was 
probably mediated by a full K-domain (i.e. K1L1K2L2K3).  
3.4. Self-interacting domains of BjFLC protein 
To screen domains for the homologous polymerization of 
the FLC protein, we designed six treatments (FF1–FF5 and RF5) 
and ten controls (K1–K6, C8, F, P and N). Among the controls, 
only the positive control (P) grew on the QDO/X-α-Gal/AbA 
medium, and colonies were blue. The other controls failed to 
grow on the media (Fig. 6). 
The combination of pGBKT7FLC▲1 and pGADT7FLC 
failed to grow on the QDO/X-α-Gal/AbA media (FF1 in Fig. 6, 
A), indicating that the I domain was not necessary for 
homo-dimerization of FLC. 
However, the combinations of pGBKT7FLC▲2– 
pGBKT7FLC▲5 and pGADT7FLC all formed blue colonies on 
the QDO/X-α-Gal/AbA medium (FF2–FF5 in Fig. 6, A). The 
results indicated that K, IK, IK1K2 or IK1 of FLC could 
independently self-interact with the FLC protein. We proposed 
that the K1 subdomain was sufficient, and the K2 and K3 
subdomains were not essential, to mediate the homologous 
interaction of FLC proteins. 
After carriers were exchanged, the combination of 
pGBKT7FLC and pGADT7FLC▲5 still formed blue colonies on 
the QDO/X-α-Gal/AbA medium (RF5 in Fig. 6, B), suggesting 
that the K1 subdomain was sufficient for the homologous 
interaction of the FLC protein. Additionally, the mutant 
BjFLC▲6 (K1 subdomain deleted) could not interact with 
BjFLC (FF6 in Fig. 3). Therefore, the K1 subdomain in BjFLC 
was the key domain for self-interaction of BjFLC. 
3.5. Assay of the protein interaction strength 
We estimated the strength of the protein–protein interactions
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5  Interactions between BjSVP▲1–BjSVP▲7 and BjSVP on QDO/X-α-Gal/AbA plates 
A. Yeast hybrid combinations of pGADT7BjSVP▲1–pGADT7BjSVP▲7 and pGBKT7BjSVP. pGBKT7BjSVP was fused with pGADT7BjSVP▲1–pGADT7BjSVP▲7 
and the fused strains were termed SS1–SS7, respectively. The positive (pGBKT7-53 × pGADT-T) and negative controls (pGBKT7-Lam × pGADT-T) were 
termed P and N, respectively. pGADT7BjSVP▲1–pGADT7BjSVP▲7 were fused separately with empty vector pGBKT7 as negative controls C1–C7. 
pGBKT7–BjSVP was fused with pGADT7 as negative control C10. B. Confirmation of self-interaction of BjSVP after yeast carrier exchange. 
pGBKT7BjSVP▲3 was fused with pGADT7BjSVP and then termed RS3. The pGADT7BjSVP was fused with empty vector pGBKT7 as the negative control 
C11. pGBKT7BjSVP▲3 was fused with pGADT7 as negative control C12. 
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Fig. 6  Interactions between BjFLC▲1–BjFLC▲5 and BjFLC in yeast on QDO/X-α-Gal/AbA plates 
A. Combinations of pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 and pGADT7BjFLC. The pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 were fused with pGADT7BjFLC 
and then termed FF1–FF5, respectively. The positive (pGBKT7-53 × pGADT-T) and negative controls (pGBKT7-Lam × pGADT-T) were termed P and N, 
respectively. pGBKT7BjFLC▲1–pGBKT7BjFLC▲5 were fused separately with empty vector pGADT7 and then termed negative controls K1–K5. 
pGADT7BjFLC was fused with pGBKT7 as negative control C8. B. Confirmation of self-interaction of BjFLC after the yeast carrier exchange. The 
pGBKT7BjFLC was fused with pGADT7BjSVP▲5 and then termed RF5. The pGBKT7BjFLC was fused with empty vector pGADT7 and the fused strain was 
negative control F. pGADT7BjFLC▲5 was fused with pGBKT7 as negative control K6. 
 
by measuring β-galactosidase activity using a Yeast β-galactosidase Assay Kit. Table 5 shows the β-galactosidase  
β-galactosidase Assay Kit. Table 5 shows the β-galactosidase 
activities in combinations of bait BjSVP▲3–BjSVP▲7 and prey 
BjFLC. There were no significant differences between 
BjFLC–BjSVP▲4 (IK1L1K2L2) and BjFLC–BjSVP▲3 (IK), or 
between BjFLC–BjSVP▲7 (IK1) and BjFLC–BjSVP▲6 (IK1L1). 
However, the β-galactosidase activity of BjFLC–BjSVP▲5 
(IK1L1K2) was significantly higher than those of 
BjFLC–BjSVP▲4 (IK1L1K2L2) and BjFLC–BjSVP▲6 (IK1L1). 
The above results indicated that the strength of the protein 
interaction was not affected by the K3 subdomain and the 
L1-interhelical domain of BjSVP, but was weakened by the L2 
domain and enhanced by the K2 subdomain.  
Additionally, the β-galactosidase activity of BjSVP▲7– 
BjFLC▲ 4(IK1K2) was significantly higher than those of  
BjSVP▲7–BjFLC▲3 (IK) and BjSVP▲7–BjFLC▲5 (IK1) (Table 
5). The results suggested that the interaction was weakened by 
the K3 and strengthened by the K2 subdomains of FLC. 
Among mutants of BjSVP, BjSVP interacted with BjSVP▲2 
(K) and BjSVP▲3 (IK), but not with BjSVP▲4–BjSVP▲7. This 
indicated that a full K-domain was required for the homologous 
interaction of BjSVP. 
In the combinations of BjFLC▲3–BjFLC▲5 and BjFLC 
(Table 5), the β-galactosidase activity of BjFLC–BjFLC▲5 (IK1) 
was significantly higher than those of BjFLC–BjFLC▲4 (IK1K2) 
and BjFLC–BjFLC▲3 (IK), indicating that the homologous 
interaction of FLC protein was weakened by the K2 and K3 
subdomains. 
Table 5  β-galactosidase activity of yeast two-hybrid combinations 
Prey plasmid Bait plasmid 
Name Domain Name Domain 
Average value of  
β-galactosidase activity 
pGBKT7BjFLC MIKC pGADT7BjSVP▲3 IK 5.56 ± 0.21 b 
pGBKT7BjFLC MIKC pGADT7BjSVP▲4 IK1L1K2L2 5.09 ± 0.13 b 
pGBKT7BjFLC MIKC pGADT7BjSVP▲5 IK1L1K2 7.48 ± 0.13 a 
pGBKT7BjFLC MIKC pGADT7BjSVP▲6 IK1L1 4.36 ± 0.38 b 
pGBKT7BjFLC MIKC pGADT7BjSVP▲7 IK1 4.21 ± 0.39 b 
pGBKT7BjFLC▲3 IK pGADT7BjSVP▲7 IK1 1.56 ± 0.08 c 
pGBKT7BjFLC▲4 IK1K2 pGADT7BjSVP▲7 IK1 7.51 ± 0.24 a 
pGBKT7BjFLC▲5 IK1 pGADT7BjSVP▲7 IK1 5.55 ± 0.12 b 
pGBKT7BjSVP MIKC pGADT7BjSVP▲3 IK 0.29 ± 0.08 b 
pGBKT7BjFLC▲3 IK pGADT7BjFLC MIKC 0.55 ± 0.12 b 
pGBKT7BjFLC▲4 IK1K2 pGADT7BjFLC MIKC 0.98 ± 0.25 b 
pGBKT7BjFLC▲5 IK1 pGADT7BjFLC MIKC 6.10 ± 0.23 a 
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4. Discussion 
Similar to FLC and SVP, floral organ identity factors 
APETALA3 (AP3), SEP1, SEP3 and PISTILLATA (PI) are also 
MIKC-type proteins. Previous studies showed that subdomains 
mediating the PI/AP3 and PI/SEP3 (or PI/SEP1) interaction 
differ (Yang and Jack, 2004). The strong PI/SEP3 (or PI/SEP1) 
interaction requires K2, part of K3 and the interhelical region 
between K1 and K2. By contrast, K1, K2 and the region 
between K1 and K2 are important for strong AP3/PI interaction. 
Most of the K3 helix does not appear to be important for either 
the PI/AP3 or the PI/SEP3 (or PI/SEP1) interaction (Yang and 
Jack, 2004). By contrast, our results showed that the 
heterogenous interaction of BjSVP and BjFLC was mediated by 
the K1 subdomain of SVP and FLC proteins (Fig. 2–Fig. 4, 
Table 5), and enhanced by the K2 subdomains of BjSVP or 
BjFLC, but was not related to the K3 subdomain of BjSVP. The 
L2-interhelical domain of BjSVP or the K3 subdomain of 
BjFLC weakened the interaction (Table 5). Hence, the 
mechanisms involved in the polymerization of SVP and FLC 
proteins differed from those involving AP3, PI, SEP1 and SEP3. 
The MADS-box protein–protein interactions generate 
heterodimers as well as homodimers in Arabidopsis, which 
eventually develop into tetramers, according to a study using a 
yeast two-hybrid system (de Folter et al., 2005). The tetramers 
probably play a role in the transcriptional activation of target 
genes (Immink et al., 2002; Yang and Jack, 2004; Tonaco et al., 
2006). Other studies also showed polymerization of SVP with 
FLC or its homologous protein (Fujiwara et al., 2008; Li et al., 
2008; Jung and Müller, 2009). FLC also polymerizes with its 
homologous protein to form FLC homodimers. Helliwell et al. 
(2006) constructed gFLC–FLAG (a genomic DNA sequence of 
FLC tagged with FLAG), transformed it into plants with high 
levels of endogenous FLC expression and used anti-FLAG M2 
immunoprecipitation to detect the FLC–FLAG protein. They 
found that FLC–FLAG and endogenous FLC coexisted in 
protein complexes, indicating that FLC formed homodimers. 
The present study also confirmed the existence of 
BjSVP/BjSVP and BjFLC/BjFLC dimers via a yeast two-hybrid 
system (Fig. 3, Fig. 5 and Fig. 6). Furthermore, we found that 
the mechanism of BjSVP/BjSVP dimerization was probably 
mediated by a full K-domain of BjSVP (K1–K3, L1 and L2) and 
also required the K1 subdomain (Fig. 5). The BjFLC/BjFLC 
dimerization needed the K1 subdomain of BjFLC (Fig. 6), 
whereas K2 and K3 weakened the dimerization. However, after 
deleting the K1 subdomain of BjSVP or BjFLC, the interactions 
in BjSVP/BjFLC BjSVP/BjSVP or BjFLC/BjFLC vanished 
(Fig. 3). This suggested that the K1 subdomain in BjSVP or 
BjFLC plays an important role in self-polymerization and  
 
heteropolymerization of BjSVP and BjFLC. Amino acid 
mutations of the K1 subdomain (Table 4) may induce the 
depolymerization of BjSVP/BjFLC, BjSVP/BjSVP or 
BjFLC/BjFLC polymers, undermining the protein interaction 
mechanism and thereby affecting flowering time. 
Based on studies involving floral organ-related proteins 
SEPALLATA3, SEP3 and PISTILLATA (Riechmann et al., 1996; 
Huang et al., 2000; Immink et al., 2009; Melzer et al., 2009), 
Immink et al. (2010) proposed a 3D molecular model of the K 
domain in a MIKC-type tetramer of floral organ proteins, 
assuming that in a tetramer, the heterodimer relies on K1 and K2 
subdomains to regulate protein interactions, while a homodimer 
depends on the K3 subdomain to mediate protein interaction. 
However, our results showed that the interaction mechanisms of 
flowering-time factors BjSVP and BjFLC were significantly 
different from those of floral organ factor SEPALLATA3, SEP3 
and PISTILLATA. Hence, the 3D molecular model mentioned 
above concerning floral organ control (Immink et al., 2010) may 
not be applicable to polymers of BjSVP and BjFLC in 
flowering-time control. 
5. Conclusions 
We demonstrated that the K1, K2 and K3 subdomains of 
the K domain made different contributions to the protein 
interactions of the flowering-time control factors BjFLC and 
BjSVP in B. juncea. The K1 subdomains in BjSVP and BjFLC 
were indispensable domains in the heterodimers of 
BjSVP/BjFLC and the homodimers of BjSVP/BjSVP or 
BjFLC/BjFLC. The interhelical domain L2 in BjSVP protein 
could weaken the strength of BjSVP/BjFLC. However, the 
heterologous and homologous interactions of BjSVP and BjFLC 
were enhanced or weakened by the K2 or K3 subdomains. 
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